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The ability of salmonellae to become internalized and to survive and replicate in amoebae was evaluated by
using three separate serovars of Salmonella enterica and five different isolates of axenic Acanthamoeba spp. In
gentamicin protection assays, Salmonella enterica serovar Dublin was internalized more efficiently than Sal-
monella enterica serovar Enteritidis or Salmonella enterica serovar Typhimurium in all of the amoeba isolates
tested. The bacteria appeared to be most efficiently internalized by Acanthamoeba rhysodes. Variations in
bacterial growth conditions affected internalization efficiency, but this effect was not altered by inactivation of
hilA, a key regulator in the expression of the invasion-associated Salmonella pathogenicity island 1. Microscopy
of infected A. rhysodes revealed that S. enterica resided within vacuoles. Prolonged incubation resulted in a loss
of intracellular bacteria associated with morphological changes and loss of amoebae. In part, these alterations
were associated with hilA and the Salmonella virulence plasmid. The data show that Acanthamoeba spp. can
differentiate between different serovars of salmonellae and that internalization is associated with cytotoxic
effects mediated by defined Salmonella virulence loci.

Free-living amoebae and bacteria are involved in complex
interactions, and it is known that amoebae act as environ-
mental hosts of several intracellular pathogens, such as Le-
gionella, Chlamydia, Mycobacterium, and Listeria spp. (3, 28,
32, 42, 47). Interestingly, gene functions required by Legio-
nella spp. for infection of protozoa are also required for
infection of mammalian cells (7, 13, 16, 39). It has even been
suggested that growth in an amoebic intracellular environ-
ment might assist bacteria in their adaptation to mammalian
phagocytic cells (17, 18). Moreover, incorporation of bacte-
ria into amoebic cysts has been shown to confer resistance to
adverse environmental conditions such as exposure to bio-
cidal agents (4).

Salmonellae are a group of closely related gram-negative
enteric bacteria, many of which act as facultatively intracellular
pathogens (37). Salmonellae can also be isolated from the
environment, where they share the habitat with a variety of
other bacteria, plants, and protozoa. Members of the genus
Salmonella infect an impressive spectrum of host organisms, ei-
ther causing symptomatic infection after ingestion of contami-
nated food or water or establishing persistent carrier states. After
colonizing the intestine, they may penetrate into the intestinal
epithelium and Peyer’s patches, spread into the draining mesen-
teric lymph nodes, and, via the bloodstream, access the spleen and
liver, where they replicate in macrophages of the reticuloendo-
thelial system (24, 25).

In model infections the pathogenicity of Salmonella is
dependent on entry into, and proliferation inside, mamma-
lian host cells. Notably, functions encoded by pathogenicity

islands orchestrate these processes through the activities of
several bacterial virulence proteins. Salmonella pathogenic-
ity island 1 (SPI1) codes for a type III secretion system,
required for invasion of epithelial cells, that translocates
bacterial virulence proteins into the host cell (21, 22). In
mice, macrophages appear to be a central host cell type for
bacterial intracellular proliferation during later phases of
infection (15, 36). Intramacrophage survival and prolifera-
tion is in part mediated by genes located on a second patho-
genicity island, SPI2, which codes for another type III se-
cretion system (8, 19, 36), and on a virulence-associated
plasmid carrying the highly conserved spv (salmonella plas-
mid virulence) gene cluster (15).

Free-living amoebae, such as Acanthamoeba spp., are com-
monly found in natural aquatic systems and in soil (30), and
even within the intestines of humans (46, 48) and reptiles
(40); hence, they are expected to encounter and ingest sal-
monellae. Indeed, King et al. (26) reported the survival of
Salmonella enterica serovar Typhimurium within Acan-
thamoeba castellanii during chlorination, suggesting a pro-
tective intracellular habitat for the bacteria. Yet, while one
finds reports on recovery of Salmonella and Acanthamoeba
species from soil and water at the same environmental lo-
cations (38), no data on the interaction between salmonellae
and free-living amoebae have been provided. In this study
we describe the establishment of conditions for the growth
and replication of salmonellae in an amoebic intracellular
environment, and we determine whether bacterial growth
conditions affect the survival, replication, and cytotoxicity of
salmonellae within Acanthamoeba rhysodes. In addition, the
effects of the Salmonella virulence plasmid, the spv genes,
and the SPI1 transcriptional activator of invasion gene hilA
on bacterial survival, replication, and cytotoxicity for A.
rhysodes were evaluated.
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MATERIALS AND METHODS

Bacterial strains. Salmonella serovar Typhimurium 14028 was obtained from
the American Type Culture Collection. Salmonella enterica serovar Enteritidis,
isolated from a Swedish patient, was obtained from the Swedish Institute for
Infectious Disease Control. Salmonella enterica serovar Dublin strain SH9325
was obtained from Alistair J. Lax (43). Strains containing insertion elements in
spvR, spvB, or hilA were derivatives of Salmonella serovar Dublin strain 2229.
The insertion elements zzx-2558::Tn5 and zzx-2556::Tn5, disrupting the spvR and
spvB genes (44), respectively, were introduced by transduction with phage P22 int
(41). Insertion of the hilA::kan334 element (10), inactivating the hilA gene,
generated an invasion-deficient strain. An isogenic derivative of Salmonella se-
rovar Dublin 2229 cured of the virulence plasmid was obtained from Alistair J.
Lax and was designated M173c (35). Strains were grown in Luria broth (LB) or
on Luria agar (LA) with antibiotics. For plasmid segregation experiments, strains
were transformed with plasmid pPir (34).

Cell lines and culture conditions. The five isolates of amoebae used in these
experiments were A. castellanii, A. rhysodes, Acanthamoeba sp. strain Ac896,
isolated from a human keratitis case, and Acanthamoeba sp. strains I4 and V38,
isolated from a geyser and a contaminated cell culture, respectively. These were
obtained as axenic strains and were maintained as adherent cells in an axenic
culture medium, peptone-yeast extract-glucose (PYG) broth, in 25-cm3 tissue
culture flasks incubated at 30°C, until near-confluence was reached. Amoebic
suspension was examined by bright-field microscopy before use, and the number
of cells was determined by cell counting in a Burker chamber.

Epithelial Madin-Darby canine kidney (MDCK) cells from the American Type
Culture Collection were maintained in RPMI 1640 medium supplemented with
L-glutamine (final concentration, 2 mM), HEPES (final concentration, 10 mM),
fetal bovine serum (final concentration, 10% [vol/vol]), and gentamicin sulfate
(final concentration, 10 �g/ml).

Preparation of invasive and noninvasive bacterial inocula. Bacterial strains
were grown either in LB or on LA with appropriate antibiotics. Salmonellae
grown to the late-logarithmic-growth phase in LB show clear induction of SPI1
invasion genes and invasion ability, whereas bacteria grown on LA show dimin-
ished invasiveness (10). Cocultivation of amoebae and bacteria was performed in
PYG. To prepare noninvasive bacteria, salmonellae were collected from LA and
suspended in phosphate-buffered saline (PBS). The bacteria were then diluted in
PYG to give a concentration of 100 bacteria/amoeba. Invasion-competent bac-
terial cultures were prepared by diluting stationary-phase bacteria 1/10 in LB
medium and subsequently incubating the culture for 1 h, 45 min, on a roller
under microanaerobic conditions. The bacteria were then diluted in PYG to yield
a concentration of 20 bacteria/amoeba.

Intracellular bacterial growth in acanthamoebae. Amoebae were grown in 5
ml of PYG medium. The tissue culture flask was gently shaken, and the PYG
containing nonadherent amoebae was removed. New PYG was added, and the
amoebae were taken off by incubation on ice for 30 min. The suspension was
centrifuged for 5 min at 200 � g, and the pellet was washed with PBS and
resuspended in PYG. The suspension was added to each well of a 6-well plate
(106 amoebae/well). Amoebae were then incubated for 24 h at 30°C to allow
them to adhere. The number of amoebae/well was calculated once more before
infection.

To infect amoebae, invasive or noninvasive bacterial inocula were diluted in
PYG to give a final concentration of 20 to 100 bacteria per amoeba. The plate
was gently centrifuged (for 5 min at 500 � g) in order to promote contact
between bacteria and amoebae and was then incubated for 60 min at 37°C. After
the incubation, the medium was changed to PYG supplemented with gentamicin
sulfate (final concentration, 50 �g/ml) in order to kill extracellular bacteria. After
incubation for 60 min at 37°C, the medium was changed to maintenance medium,
PYG supplemented with gentamicin at a final concentration of 10 �g/ml, for
continuing incubation. The cells were washed twice with PBS and lysed in 0.5%
sodium deoxycholate (1), and the number of CFU was determined by plating
samples on LA plates.

For plasmid segregation experiments, strains harboring pPir were grown over-
night in the presence of 100 �g of ampicillin sodium salt (Sigma)/ml at 30°C as
described by Benjamin et al. (5). Infection was performed as described above.

The sensitivity of intracellular SH9325 bacteria (devoid of pPir) to ampicillin
(100 �g/ml) was determined as outlined by Abshire and Neidhardt (2).

Viability assay. The viability of host cells was determined at 16 h postinfection
by using trypan blue, followed by quantification of stained cells and total cells by
use of a Burker chamber.

Immunofluorescence. A. rhysodes was grown on Lab-Tek chamber slides with
coverslips and infected as described above. The cells were washed twice with PBS
and fixed with acetone for 20 min at �20°C. Cells were later stained with

fluorescein isothiocyanate-phalloidin, tetramethyl rhodamine isothiocyanate-
conjugated anti-rabbit immunoglobulin G, or a rabbit antiserum against S. en-
terica O-antigen 9 (Reagensia, Stockholm, Sweden).

Transmission electron microscopy. A. rhysodes was infected with invasive
Salmonella serovar Dublin as described above. At 16 h postinfection, the cells
were washed twice with PBS and fixed with 50% sodium cacodylate (pH 7.4), 1%
glutaraldehyde, and 3% paraformaldehyde for 1 h at 4°C. Cells were harvested
by pipetting up and down, pelleted for 5 min at 600 � g and 4°C, and resus-
pended in fixation buffer diluted 1:10. Transmission electron microscopy was
performed using standard procedures.

RESULTS

Internalization of invasive and noninvasive S. enterica into
acanthamoebae. We initiated our experiments by infecting five
different Acanthamoeba isolates (A. rhysodes, A. castellanii, A.
castellanii 896, and isolates I4 and V38) with invasive (LB-
grown) cultures of Salmonella serovar Dublin, Salmonella se-
rovar Enteritidis, and Salmonella serovar Typhimurium. Two
hours after infection, the number of viable intracellular bacte-
ria was determined as a percentage of the initial inoculum (for
details, see Materials and Methods). Salmonella serovar Dub-
lin was recovered in higher numbers than Salmonella serovar
Enteritidis or Salmonella serovar Typhimurium from all Acan-
thamoeba lines tested, whereas all serovars were most effi-
ciently internalized by A. rhysodes (Fig. 1).

When noninvasive (LA-grown) cultures of Salmonella sero-
var Dublin or Salmonella serovar Typhimurium were used, we
observed a significant decrease in the numbers of viable bac-

FIG. 1. Internalization of invasive S. enterica into five Acan-
thamoeba isolates in gentamicin protection assays. Results are pre-
sented as viable intracellular bacteria recovered 2 h after challenge,
given as a percentage of the initial inoculum. Values are means from
three independent experiments, each carried out in duplicate wells.
Error bars, standard deviations. Ar, A. rhysodes; Ac, A. castellanii;
Ac896, Acanthamoeba sp. strain Ac896.
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teria recovered from infected A. rhysodes (0.008 and 0.002%,
respectively). Still, compared to invasive S. enterica cultures,
the Escherichia coli laboratory strain TG1 was recovered in
diminished amounts when either LB- or LA-grown cultures
were used (0.002 and 0.007%, respectively).

Role of invasion functions for bacterial uptake. Because
invasion of epithelial cells is mediated by a type III secretion
system encoded on Salmonella pathogenicity island 1 (SPI1),
we next studied the effect of inactivating the hilA gene in
Salmonella serovar Dublin. The hilA gene codes for the SPI1
activator protein HilA, and hilA mutants are known to have a
strongly reduced ability to enter and cross the intestinal epi-
thelium (12, 29). In order to study the role of SPI1 in entry,
epithelial MDCK cells and A. rhysodes were infected with LB-
grown cultures of Salmonella serovar Dublin or with an iso-
genic hilA mutant. Two hours after infection, the number of
viable intracellular bacteria was determined as a percentage of
the initial inoculum (Fig. 2). MDCK cells infected with the
Salmonella serovar Dublin hilA mutant showed a strongly re-
duced uptake of bacteria compared to cells infected with wild-
type Salmonella serovar Dublin (hilA�) (Fig. 2A). In contrast,
A. rhysodes infected with Salmonella serovar Dublin did not
distinguish the hilA mutant from the hilA� strain in terms of
bacterial uptake (Fig. 2B). These observations indicate that
hilA plays different roles in the entry of Salmonella into MDCK
and A. rhysodes cells. Apparently, still, the bacterial growth
condition had a significant effect on the mechanism of entry
into amoebae.

Detachment of amoebae upon prolonged infection with S.
enterica. Under phase-contrast microscopy, A. rhysodes in-
fected with invasive wild-type S. enterica serovar Dublin dis-
played a significant loss of adherent cells over 16 h of infection
(Fig. 3A and B). A similar phenomenon is observed when

human monocytic cells are infected with salmonellae: infected
cells become detached, whereupon most of the viable intracel-
lular bacteria can be recovered from detached cells (27).
Therefore, the numbers of viable bacteria recovered from at-
tached and detached A. rhysodes at 16 h postinfection were
determined (Fig. 3C) by using LB-grown cultures of the bac-
teria. The results show that the number of viable Salmonella
serovar Dublin bacteria recovered from the detached amoebae
was higher than that recovered from the attached fraction.

We then reasoned that detachment of A. rhysodes after in-
fection with Salmonella serovar Dublin could be the result of a
cytotoxic effect mediated by the infecting bacteria. A. rhysodes
was infected with invasive (LB-grown) or noninvasive (LA-
grown) bacteria at a multiplicity of infection of 20 or 100,
respectively, and the cells were analyzed more carefully at 16 h
postinfection (Fig. 4). When A. rhysodes was infected with
invasive Salmonella serovar Dublin, 20% of the amoebae were
recovered at 16 h postinfection relative to the recovery of
uninfected controls (taken as 100%), whereas with noninvasive
bacteria, the recovery of amoebae rose to 40% (Fig. 4). A
similar trend was observed with invasive and noninvasive Sal-
monella serovar Typhimurium (Fig. 4). When the control strain
E. coli TG1 was used, 90% of the infected amoebae were
recovered (Fig. 4), implying that ingestion of bacteria per se
did not induce detachment.

Next, hilA, spvB, and spvR mutants of Salmonella serovar
Dublin and an isogenic virulence plasmid-cured strain were
tested for intracellular fitness and cytotoxicity in A. rhysodes.
Again, the numbers of viable bacteria recovered in detached
and attached fractions were determined (Fig. 5A). Altogether,
the number of total bacteria recovered was higher for the
wild-type strain than for any of the mutant strains tested or the
plasmid-cured strain. With the plasmid-cured strain, there was

FIG. 2. Uptake of invasive wild-type Salmonella serovar Dublin (hilA�) and the Salmonella serovar Dublin hilA mutant into epithelial MDCK
cells (A) and A. rhysodes (B).
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apparently a relative loss of viable bacteria recovered from the
detached fraction, whereas the hilA mutant showed a more
significant decrease in the number of bacteria in the attached
population of amoebae.

In parallel, in A. rhysodes cultures infected with the hilA
mutant of Salmonella serovar Dublin, the fraction of amoebae
recovered over a 16-h incubation increased (to more than
60%) relative to that for cultures infected with the wild-type
parental strain (Fig. 5B). Also, infection with the plasmid-
cured strain resulted in an increased proportion of amoebae in
long-term-infected cultures (Fig. 5B). Thus, it appears that
both SPI1 and the virulence plasmid contribute to the interac-
tion between salmonellae and A. rhysodes, although hilA is
dispensable for uptake.

A. rhysodes-associated salmonellae are intracellular. Be-
cause the prolonged cocultivation experiments presented
above were conducted in the presence of gentamicin, the bac-

teria recovered from the amoebae are likely to derive from the
inside of the host cell. In order to verify whether the salmo-
nellae associated with A. rhysodes were indeed intracellular,
cultures infected for 2 and 16 h were examined by immunoflu-
orescence and transmission electron microscopy (Fig. 6).

Fluorescence microscopy showed dense layers of amoebae
at 2 h postinfection, with the cells staining brightly for filamen-
tous actin (Fig. 6A to C). The bacteria resided within the
borders of the cells, consistent with an intracellular localiza-
tion. At 16 h postinfection, the bacteria were similarly local-
ized, but infected cells were less dense, were rounded, and
showed a somewhat more diffuse granular staining for filamen-
tous actin (Fig. 6D to F).

An actual intracellular localization was confirmed by trans-
mission electron microscopy, which also showed that bacteria
were contained within membrane-bound vacuoles in A. rhy-
sodes (Fig. 6G to I).

FIG. 3. (A and B) Phase-contrast images of A. rhysodes infected with invasive Salmonella serovar Dublin. Images were taken at 2 h (A) and
16 h (B) postinfection. (C) Proportion of live intracellular bacteria recovered from detached and attached A. rhysodes cells 16 h after infection with
invasive Salmonella serovar Dublin. Values are means from three independent experiments, each carried out in duplicate wells. Error bars,
standard deviations.
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Intracellular salmonellae are replicating. Unlike normal
macrophage phagosomes, in which bacteria are degraded, the
Salmonella-containing-vacuole (SCV) appears to represent a
unique type of intracellular vacuole that is permissive for bac-
terial replication (20). A general trend during the cocultivation
experiments with A. rhysodes was the loss of viable bacteria
recovered between the 2- and 16-h observation points. This
could be due to efficient killing of the bacteria by A. rhysodes.
Alternatively, or in parallel, the bacterium-mediated cytotox-
icity may have caused bacteria to be released into the genta-
micin-containing medium.

In order to demonstrate or exclude intracellular bacterial
replication, A. rhysodes cells were infected with Salmonella
serovar Dublin carrying a plasmid with a temperature-sensitive
replicon and an ampicillin resistance marker. Because the plas-
mid applied segregates as a function of bacterial cell division at
37°C, loss of the antibiotic resistance marker among bacterial
progenitors can be used as a measure of replication. This
approach has been used in a number of other studies to de-
termine Salmonella proliferation in infected organs (5, 14) as
well as in cultured cells (23).

Thus, the percentages of viable ampicillin-resistant bacteria
in the inoculum and among intracellular bacteria recovered at
2 and 16 h after challenge were determined. The results
showed that the plasmid segregated from the bacterial cultures
as a function of the infection of A. rhysodes (Fig. 7), implying
the presence of intracellularly replicating bacteria. This inter-
pretation was also corroborated by infecting A. rhysodes with
ampicillin-sensitive Salmonella serovar Dublin and monitoring
the decrease in viable counts in the presence and absence of

FIG. 4. Proportion of A. rhysodes cells recovered after infection
with invasive (LB-grown) or noninvasive (LA-grown) bacteria at a
multiplicity of infection of 20 or 100, respectively, at 16 h postinfection.
Values are means from three independent experiments, each carried
out in duplicate wells. Error bars, standard deviations. uninf., unin-
fected controls.

FIG. 5. Role of bacterial virulence determinants for bacteria intracellular growth yields and recovery of amoebae. (A) Amounts of viable
bacteria recovered from detached and attached A. rhysodes cells 16 h after infection. wt, wild type; Plasmid-, virulence plasmid cured. (B) Pro-
portion of A. rhysodes cells recovered after infection with invasive (LB-grown) bacteria at the same time point. Values are means from three
independent experiments, each carried out in duplicate wells. Error bars, standard deviations.
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ampicillin as described by Abshire and Neidhardt (2). In this
experiment, the decline in the number of intracellular viable
bacteria was much more pronounced in the presence of ampi-
cillin (data not shown), a finding consistent with the presence
of replicating bacteria inside the amoebae.

No significant differences could be observed between inva-
sive and noninvasive Salmonella infection in terms of segrega-
tion of the ampicillin resistance marker (Fig. 7A). Nor could
we show any effect of the hilA, spvR, or spvB mutant, or of the
plasmid-cured strain, on replication (Fig. 7B). Combined,
these data suggest that Salmonella serovar Dublin uses se-
lected, defined virulence functions to mediate cytotoxicity but
that these gene functions do not affect replication efficiency
under the experimental conditions used.

DISCUSSION

Free-living amoebae are gaining increasing attention as
ubiquitous eukaryotes influencing our perception of human
bacterial pathogens in the environment. For example, the fac-
ultatively intracellular mammalian pathogens Legionella pneu-
mophila and mycobacteria are also known to prosper within
free-living amoebae, implying that such bacteria are adapted to
an intracellular environment in a more general sense (32, 42).
Furthermore, L. pneumophila is known to use the same sets of
genes for multiplying in human macrophages and A. castellanii
(17).

Salmonellae are rather promiscuous in their ability to invade
and replicate in mammalian host cells. In contrast, the inter-
action between salmonellae and Acanthamoeba species has not

been described in any detail. In the present study we observed
a preferential uptake of Salmonella serovar Dublin over that of
serovar Enteritidis or serovar Typhimurium in all isolates of
Acanthamoeba tested (Fig. 1). Since by definition the bacterial
serovars express different types of sugar entities in the surface
O-antigen polysaccharide, one may suggest that this results in
differential recognition by the amoebae and hence in different
efficiencies of uptake mediated by the lectin-like receptors on
the surfaces of the amoebae. We also found that bacterial
growth conditions had significant effects on the efficiency of
entry into amoebae. Broth (LB) cultures were more efficiently
taken up by A. rhysodes than were bacteria propagated on solid
(LA) medium. It is possible that this significant difference in
uptake can be related to the different entry mechanisms used.
Entry of salmonellae into mammalian host cells, especially
epithelial cells of the gut, depends on virulence factors that are
encoded by SPI1 and are induced under LB growth conditions
(12, 29). However, the data reported here indicate that the
SPI1 activator HilA was not required for the entry of Salmo-
nella serovar Dublin into A. rhysodes (Fig. 2B).

Prolonged incubation of the bacterial-amoebic cultures re-
sulted in a gradual change in morphology and eventually in the
disappearance of the host cells (Fig. 3A). A related phenom-
enon has been reported by Ly and Müller (28) for cocultures of
Listeria monocytogenes and Acanthamoeba species. Listeriae
were taken up by the amoebae, and the bacteria replicated
intracellularly. However, longer incubations led to release of
bacteria and encystment, with the intracellular listeriae losing
viability in cysts.

A portion of the observations implied that the loss of sal-

FIG. 7. Demonstration of intracellular replication of Salmonella serovar Dublin within A. rhysodes. The percentage of viable ampicillin-resistant
bacteria was determined for the inoculum and for bacteria recovered 2 and 16 h after challenge, and segregation of the ampicillin resistance
plasmid was used as a readout for the efficiency of replication. (A) Replication of invasive and noninvasive Salmonella serovar Dublin and
Salmonella serovar Typhimurium. (B) Replication of the hilA, spvR, and spvB mutants and of the plasmid-cured strain. wt, wild type; plasmid-,
plasmid cured. Values are means from three independent experiments, each carried out in duplicate wells.
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monellae in A. rhysodes was not simply a reflection of intracel-
lular killing of the bacteria. Salmonella spp., like several other
bacterial pathogens, including Mycobacterium, Legionella, and
Brucella spp., replicate within membrane-bound vacuoles in-
side macrophages. While we did not attempt to define the
nature of intracellular vesicles, electron microscopy of Salmo-
nella-infected A. rhysodes showed that the bacteria were local-
ized within membrane-bound vacuoles (Fig. 6G through I),
and some bacteria apparently were replicating (Fig. 6G).
When we used Salmonella serovar Dublin carrying a plasmid
with a temperature-sensitive replicon in the intracellular rep-
lication experiment, the plasmid segregated as a function of
time, implying that a least a portion of the bacteria were
actually replicating inside the acanthamoebae (Fig. 7).

Finally, since we recovered more bacteria from detached
host cells than from cells attached to the culture chamber (Fig.
3B), it appears that engulfment of Salmonella serovar Dublin
resulted in cytotoxicity, leading to detachment and disintegra-
tion of the amoebae, which subsequently resulted in exposure
of the bacteria to gentamicin. This resembles the scenario seen
with human monocytic cells and MDCK epithelial cells in-
fected with S. enterica in that the cells are intoxicated by the
infecting bacteria (6, 25, 33, 45).

SPI1 is responsible for inducing a very rapid apoptotic re-
sponse in mononuclear phagocytes (31). Another, later phase
of cytotoxicity is dependent on SPI2 and the spv genes (6, 11,
33) and involves apoptosis and interference with the normal
dynamics of the actin cytoskeleton. Concomitantly, the loss of
infected Acanthamoeba cells and the apparent growth yields of
the bacteria were found to be partly dependent on hilA and the
S. enterica spv-carrying virulence plasmid (Fig. 5). However, it
remains to be shown whether the effect of SPI1 and the spv
genes is that of inducing programmed cell death in amoebae,
or whether loss of cells is due to other effects of the corre-
sponding virulence proteins.

Free-living amoebae can harbor bacteria inside their cysts,
giving them a microhabitat protecting them from environmen-
tal hazards. Furthermore, a study by King et al. (26) showed
that the bacterium-protozoan association provides increased
numbers of bacteria with increased resistance to free chlorine
residuals, which can lead to the persistence of bacteria in
chlorine-treated water. It has also been reported that amoeba-
grown L. pneumophila displays increased intracellular survival
and replication in macrophages (9) and that intracellular
growth in A. castellanii affects the monocyte entry mechanism
and enhances the virulence of L. pneumophila.

Although the present study included only a restricted set of
salmonellae and acanthamoebae, and therefore formally may
not reflect all possible forms of interactions, our results show
that A. rhysodes was able to ingest salmonellae and that sub-
sequent events included intracellular bacterial replication. We
also detected a bacterium-mediated cytotoxicity that appeared
to be dependent on documented virulence genes, implying that
genetic determinants of salmonellae used for invasion and
intracellular proliferation in mammals could also be operative
in the environment. It thus remains possible that free-living
amoebae function as environmental hosts for salmonellae and
that such amoebae participate in the transmission of salmonel-
losis.
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